ABSTRACT: In this study, we have examined the behavior of heavy metals during fluidized bed combustion of poultry litter.
with a solid to liquid ratio of 10:1 and is comparable to the real The behavior of HMs during combustion of PL has not been 75 reported in the literature, and few studies exist on potential 76 toxicity of the resulting ashes, with respect to established 77 leaching methodologies. Therefore, in this study, we have 78 analyzed the process ash (PA) streams from a 200 kW th 79 atmospheric bubbling fluidized bed combustor (FBC), using 80 100% PL as its feed material and silica sand as the bed material. 81 Gaseous emissions of HMs were analyzed, and the resulting PA 82 streams were analyzed for the total content of 12 HMs (As, Cd, 83 Co, Cr, Cu, Hg, Mn, Mo, Ni, Pb, V, and Zn), and their leaching 84 potential was established. Thermodynamic equilibrium pre-85 dictions of the volatilization and speciation of HMs upon 86 combustion was undertaken and compared with experimental 87 results, and nondestructive synchrotron X-ray absorption near-88 edge structure spectroscopy (XANES) was used to quantify the 89 fraction of toxic Cr(VI) in PA streams. Finally, these results 90 were compared with relevant legislation to determine the 91 impact of using PL as a fuel and the resulting ash as a fertilizer. 92 This knowledge is pivotal for safe utilization of PL in 93 combustion processes and to ensure that valorization of PL 94 ash as soil amendments is environmentally benign.
■ EXPERIMENTAL SECTION

96
Sample Collection/Generation. A schematic of the FBC unit is f1 97 given in Figure 1 ; PL composition and full process conditions have 98 been detailed in an earlier publication. 22 The baghouse filter was 99 composed of plate filters with PTFE material and were rated with an 100 efficiency of 99.999% for 0.5 μm.
101
The system generated five separate PA streams: bed ash (BA) which 102 was a mixture of bed material (sand), coated bed material, 103 agglomerated bed material and ash; ash from heat exchangers 1 and 104 2 (denoted as HE 1 and HE 2, respectively), cyclone ash (CYC), and 105 baghouse ash (BH). Further to the five PA samples, a sixth 106 representative sample was collected of ash to be used as a fertilizer 107 substitute or sent for landfill (FERT). This fraction consisted of ash 108 from HE 1, HE 2, CYC, and BH; the BA fraction was recycled so this 109 was not included. 110 Laboratory generated ash (GA) was prepared by heating samples of 111 PL (dried and ground to <1 mm) to 550°C in a muffle furnace for a 112 minimum of 3 h according to BS EN 14775. 113 Sample Characterization. The concentration of HMs was 114 determined following digestion of the solid residues according to BS 115 EN 15297 using a CEM microwave accelerated reaction system 116 (MARS). Approximately 500 mg of sample was placed into the 117 polythene vessels, to which 5 mL of H 2 O 2 (30%), 10 mL of HNO 3 118 (65%), and 0.8 mL of HF (40%) was added. The samples were loaded 119 into the MARS unit and heated rapidly to 190°C and held for 20 min. 120 and PA streams are shown in Table 4 together with their major c BS EN 14385 states that if sample values or blanks are lower than the detection limit, then the value of 1/2 the detection limit is to be taken for calculation. 244 Furthermore, O 2 Mo(OH) 2 (g) is abundant from 800°C 245 onward. These gaseous species preferentially condense in the 246 BH where saturation is induced upon cooling (160°C); 247 however, it is evident that some Pb species do not condense 248 and remain in the gas phase (Table 3) . t5 249 Table 5 presents the speciation of solid phase HMs in the 250 FBC, and we can see that As was predicted to be exclusively 251 bound with Ca forming Ca 3 (AsO 4 ) 2 (s). Its presence in the finer 252 ash fraction may indicate that the solids were elutriated with the 253 flue gas. Aside from homogeneous condensation of As and Pb 254 vapors, the smaller particle size of the BH (Table 2) can also 255 lead to direct enrichment of these two metals by heterogeneous 256 condensation, as they are typically associated with the finest 257 ash. Zn was evenly distributed across the PA streams. This could 259 be explained by the small amounts of ZnCl 2 (g) predicted to 260 form (Figure 3) , whereas the majority of Zn was bound as 261 Zn 2 SiO 4 (s) ( Table 5 ) and therefore remained in the bed. Upon 262 cooling, ZnCl 2 (g) was predicted to condense by reacting with f4 263 SiO 2 < 800°C, see Figure 4 . Note that the prediction in Figure  264 4 was based on the flue gas composition predicted from PL 265 combustion in the FBC (Figure 3) , and an average exit gas 266 temperature of 900°C (from the freeboard) was assumed. 267 Co, Cu, Cr, Mn, Ni, and V were depleted in the BA and BH. 268 Cu was the only HM in this category that was predicted to 269 release a significant volatile fraction as CuCl(g) (Figure 3) , and 270 evidently some CuCl(g) did escape with the flue gas (Table 3) . 271 Upon cooling of the flue gases, CuCl 2 (s) can partition between 272 three solid or liquid phases, including (CuO)(Fe 2 O 3 )(s), which 273 dominates between 800 and 400°C, and CuO(s), the sole The only element to exhibit enrichment in both the BA and 282 BH was Cd. Thermodynamic predictions in Table 5 showed (Table 5) . Water-soluble As was highest in the BH, and as all PA 318 streams were alkaline (Table 2) this may have led to greater 319 solubility of As from the ash. 42 The speciation of As is similarly 320 important, as it has two common oxide states, one which is 321 relatively nontoxic, As(V), and one which is extremely toxic, 322 As(III). 43 Both states are likely to be water-soluble, so there is 323 no clear distinction to be made from these results, and further 324 investigation is required.
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The high quantities of water-soluble Cu and Zn from the PL 326 confirm that these are present as organically associated species 327 as a result of surplus feed additives. Typically BA is recycled; therefore we will only consider the 373 mixture FERT ash fraction in Table 4 legislation, PA is acceptable; however, given the enrichment of 394 both As and Pb in the BH ash, coupled with its small particle As, Pb, and Mo are extremely volatile and were found to 406 condense in the BH, where low temperatures induced their 407 saturation. Zn was predicted to remain primarily in the solid 408 phase and was relatively evenly distributed in each PA stream. 
